Abstract: Transient receptor potential cation channel subfamily M member 7 (TRPM7) is a bi-functional protein comprising a TRP ion channel segment linked to an α-type protein kinase domain. Genetic inactivation of TRPM7 revealed its central role in magnesium metabolism, cell motility, proliferation and differentiation. TRPM7 is associated with anoxic neuronal death, cardiac fibrosis and tumor progression highlighting TRPM7 as a new drug target. Recently, several laboratories have independently identified pharmacological compounds inhibiting or activating the TRPM7 channel. The recently found TRPM7 modulators were used as new experimental tools to unravel cellular functions of the TRPM7 channel. Here, we provide a concise overview of this emerging field.
Functional Roles of TRPM7
TRPM7 is a plasma membrane protein that contains a transmembrane ion channel segment linked to a cytosolic α-type serine/threonine protein kinase domain as illustrated in Figure 1 [1] [2] [3] [4] [5] . It is commonly accepted that the overall architecture of the pore-forming segment of TRPM7 channels is analogous to that of tetrameric potassium channels. The channel domain of TRPM7 comprises six transmembrane OPEN ACCESS helixes ( Figure 1) . A stretch of amino acids between 5th and 6th helices contains a predicted pore helix followed by a predicted pore loop ( Figure 1 ). Like in potassium channels, it is assumed that the pore loops of four channel subunits contribute to a common ion selectivity filter. Among all ion channels, only TRPM7 and its homologous protein TRPM6 are known as channels covalently fused to kinase domains [1, [6] [7] [8] [9] [10] [11] . TRPM7 is a ubiquitously expressed protein and endogenous TRPM7 currents were detected in all cells investigated so far [12] [13] [14] [15] . The plasma membrane channel segment of TRPM7 comprises six transmembrane helices (1) (2) (3) (4) (5) (6) . A short stretch between the 5 and 6 helices contains a predicted pore forming loop and pore helix [16] . A large cytosolic N-terminus of TRPM7 contains a set of domains that are highly conserved among the TRPM gene family and resemble ankyrin repeats as revealed by 3D modeling [11] . A C-terminus of TRPM7 contains a highly conserved transient receptor potential (TRP) domain, a coiled-coil (CC) domain, a kinase substrate domain (SD) and a kinase domain (KD). Red dots indicate the location of point mutations that were highly instrumental in probing of TRPM7 functions. Mutations S138L and P1040R correspond to TRPM6 missense mutations causing an inherited disorder in humans known as hypomagnesemia and secondary hypocalcemia (HSH) [9, 17] . S138L disrupts assembly of TRPM7 channel complexes [9] , whereas P1040R results in a dominantnegative channel subunit [17] . E1047 is a negatively charged residue located in a 'selectivity' filter of the TRPM7 channel pore and E1047Q mutation results in an active channel permeable to monovalent cations and impermeable to divalent ions like Ca 2+ and Mg 2+ [16, 18] recapitulating the characteristic feature of the tastesignaling TRPM5 channel [19, 20] . The S1107E mutation produces a constitutively active channel insensitive to intracellular Mg 2+ and PIP 2 [21] . Positively charged residues K1112 and R1115 were suggested to be required for PIP 2 dependent gating of TRPM7 and, consequently, the K1112Q/R1115Q double mutation ablates TRPM7 currents [22] . K1646 is a highly conserved residue located in the catalytic site of the kinase domain [4] and the K1646R mutation is sufficient to block the kinase function of TRPM7 ('kinase-dead' mutation) [23, 24] .
Genetic ablation of TRPM7 in cultured cells revealed that TRPM7 regulates cellular Mg 2+ levels [9, [24] [25] [26] , cell motility [27] [28] [29] [30] [31] [32] [33] [34] , proliferation/cell survival [1, 24, 26, 35] , differentiation [36, 37] , mechanosensitivity [28, 38, 39] and exocytosis [40] . Furthermore, it was suggested that TRPM7 plays a role in anoxic neuronal death [41] , hypertension [42] , neurodegenerative disorders [43, 44] , atrial fibrillation, cardiac fibrosis [45] and tumor growth/progression [46] [47] [48] [49] [50] [51] [52] [53] . Genetic association studies in humans revealed that TRPM7 may be implicated in myocardial repolarization [54] . Experiments with Trpm7 gene deficient mice and zebrafish and genetic association studies in humans showed that TRPM7 is required for early embryonic development [25, [55] [56] [57] , thymopoiesis [55] , morphogenesis of the kidney [57] , cardiac rhythmicity [58] , cardiac repolarization [59] and systemic Mg 2+ homeostasis [25] though the latter finding remains controversial [55] .
Our mechanistic understanding of the functional interplay between TRPM7 kinase and channel moieties is still in its infancy. In vitro, TRPM7 kinase is able to phosphorylate serine/threonine residues of annexin A1 [60] , myosin II isoforms [61] , eEF2-k [62] and PLCγ2 [63] . Furthermore, multiple residues located in a 'substrate' segment of TRPM7 are potential autophosphorylation targets of the kinase domain [64, 65] . Recently, it was shown that the TRPM7 kinase domain can be cleaved by caspases during Fas-receptor stimulation in immune cells [66] . The truncated channel exhibited substantially higher activity and potentiated Fas-receptor signaling [66] . In another study, the cleaved TRPM7 kinase domain was found in multiple tissues and cell lines. The mechanism of TRPM7 cleavage was not established. Interestingly, the portion of TRPM7 containing the channel domain is eliminated, whereas the released kinase domain is able to translocate into the cell nucleus and phosphorylates histones to modulate the chromatin covalent modification landscape [67] . However, the physiological relevance of these findings remains to be elucidated. Along these lines, Kaitsuka et al. [23] have recently shown that mice carrying a point mutation in the catalytic site of the TRPM7 kinase domain ('kinase-dead' knock-in mutation, Figure 1 ) display an unaltered lifespan as well as normal Ca [1, 2, 67, 68] . It has been hypothesized that influx of all these cations is relevant for the physiological role of TRPM7 [1, 2, 68] . Mutagenesis of the pore-forming sequence of TRPM7 allowed for the identification of specific residues that contribute to the 'selectivity filter' of the channel pore ( Figure 1 ) [16, 18] . In contrast, molecular mechanisms underlying TRPM7 channel gating are still a matter of debate. The prevailing models are mainly resting upon two findings. (Figure 1 ) is sufficient to create a constitutively active TRPM7 channel insensitive to intracellular Mg 2+ [21] . The second model is predicated on the observation that the TRPM7 channel is tightly regulated by the plasma membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) [71] . Consequently, stimulation of phospholipase C (PLC)-coupled G protein-coupled receptors (GPCRs) causes depletion of membrane PIP2 and, subsequently, inactivation of TRPM7 currents even in the absence of Mg 2+ [71] . Kozak et al. [72] hypothesized that internal Mg 2+ interacts directly with negatively charged PIP2 to interfere with the gating process of TRPM7. Recently, Xie et al. [22] reported that neutralization of basic residues in the TRP domain ( Figure 1 ) leads to non-functional or dysfunctional TRPM7 with dampened regulation by PIP2 suggesting that the TRP domain may interact with PIP2.
Pharmacological Compounds Inhibiting the TRPM7 Channel
Because of the pivotal role of the TRPM7 channel in physiology and pathophysiology, there is a pressing need to identify pharmacological compounds allowing to acutely probe TRPM7 channel versus kinase activity. Efforts of several laboratories resulted in the independent identification of an array of small organic compounds behaving as blockers of the TRPM7 channel as summarized in Table 1 and Figure 2a . . † The dose-dependent effect of spermine was evaluated on endogenous TRPM7 currents in divalent-free external solution. n.d. -not determined.
The list of TRPM7 inhibitors comprises a group of non-specific channel blockers such as spermine, SKF-96365 and 2-aminoethyl diphenylborinate (2-APB), natural metabolites including waixenicin A, quinine and sphingosine and an array of drug-like synthetic compounds (Table 1) . 2-APB (Figure 2a ) reversibly blocked the endogenous TRPM7 channel in Jurkat T cells [73] . The inhibitory effect of 2-APB was characterized further with recombinant TRPM7 protein [74] . Extracellular spermine blocked endogenous TRPM7 currents in rat basophilic leukemia (RBL) cells with an IC50 value of 2.3 µM, and 20 µM SKF-96365 was sufficient for complete inactivation of TRPM7 in RBL cells [75] . It has been proposed that 2-APB does not act on TRPM7 directly, but rather inhibits the channel by means of intracellular acidification [82] . The broad spectrum serine protease inhibitor and anticoagulant nafamostat mesylate inhibited the TRPM7 channel with an IC50 of 617 µM [76] . Carvacrol [77] and several 5-lipoxygenase inhibitors (NDGA, AA861 and MK886) blocked TRPM7 currents in the high µM range [78] . Several small conductance Ca 2+ -activated K + channel inhibitors such as the antimalarial plant alkaloid quinine, CyPPA, dequalinium, NS8593, SKA31 and UCL1684 also act as potent blockers of TRPM7 currents [80] . The most potent compound NS8593 (Figure 2a ) inhibited the TRPM7 channel in an Mg 2+ -dependent mode with an IC50 of 1.6 µM. Furthermore, NS8593 suppresses TRPM7-dependent motility of HEK293 cells [80] . Epithelial-mesenchymal transition (EMT) in breast cancer cells is a Ca 2+ dependent processes. Studies based on an RNAi silencing approach in combination with NS8593 highlighted a role of the TRPM7 channel in this process [83] . Recently, Siddiqui et al. [84] took advantage of NS8593 and showed that TRPM7 critically contributes to the ability of microglia cells to migrate and invade in anti-inflammatory states. In addition, Schilling et al. [85] employed NS8593 to demonstrate that the TRPM7 channel is required for proliferation and polarization of macrophages towards an anti-inflammatory phenotype.
Waixenicin A (Figure 2a) , a natural terpenoid of the soft coral Sarcothelia edmondsoni inactivated TRPM7 currents in an Mg 2+ dependent manner with an IC50 of 7 µM in the absence of internal Mg 2+ [79] . Moreover, waixenicin A was found to be efficient in suppression of TRPM7-dependent proliferation of RBL cells [79] . More recently, Kim et al. [86] employed waixenicin A to elucidate the functional role of TRPM7 in interstitial cells of Cajal and found that this terpenoid inhibits endogenous TRPM7 currents leading to a block of pacemaker activity of interstitial cells [86] . Waixenicin A also inhibits the growth and survival of the human gastric and breast adenocarcinoma cells (AGS and MCF-7, respectively) suggesting that TRPM7 may turn out to be a novel therapeutic target in gastric and breast cancer [86] . Yet, other researchers [87] used waixenicin A to demonstrate that TRPM7 regulates actomyosin contractility and invadosome formation in N1E-115 mouse neuroblastoma cells.
Sphingosine, the core building block of sphingolipids in the plasma membrane and its synthetic homolog FTY720 (Figure 2a ) inactivated the TRPM7 channel with IC50's of 0.6 µM and 0.7 µM, respectively [81] . Sphingosine and FTY720 were able to suppress TRPM7-dependent motility of HEK293 cells [81] , pacemaker activity of interstitial cells of Cajal [88] , and polarization of macrophages [85] .
To summarize, several potent inhibitors of the TRPM7 channel with IC50 values in the low µM range have been identified. Pharmacological targeting in conjunction with genetic silencing of TRPM7 or comparative analysis of effects induced by structurally unrelated TRPM7 blockers are promising experimental strategies to uncover hitherto unrecognized cellular functions of TRPM7.
Drug-Like Compounds Acting as Activators of the TRPM7 Channel
Recently our group has identified a set of small molecules serving as TRPM7 channel agonists [21] . We implemented a Ca imaging-based assay to screen for activators of recombinant TRPM7 and identified 20 drug-like compounds (Table 2 ) with different structural backbones that can stimulate TRPM7-mediated Ca 2+ influx and TRPM7 currents [21] . Among the latter compounds, we studied naltriben (Figure 2b ) in greater detail [21] . Naltriben reversibly activates recombinant and native TRPM7 channels without prior depletion of intracellular Mg 2+ and even under conditions of low PIP2. The calculated EC50 value was about 20 µM. The stimulatory effect of 50 µM naltriben was not observed when testing several TRP channels like TRPM2, TRPM8 and TRPV1. Furthermore, we showed that naltriben interfered with the inhibitory effect of NS8593 on TRPM7 currents in a competitive fashion. Our experiments with TRPM7 variants carrying mutations in the pore, TRP and kinase domains suggested that the site of TRPM7 activation by naltriben is most likely located in the TRP domain [21] . Naltriben functions as an antagonist of δ-opioid receptors [89] . It shows high structural similarity to other broadly used opioid receptor antagonists, with naltrindole ( Figure 2b ) most closely resembling naltriben. Of note, we observed that neither naltrindole, nor more distantly related analogs of naltriben like naltrexone and morphine were able to induce TRPM7 currents [21] . Taken together, we proposed that naltriben represents a positive gating modulator of the TRPM7 channel. These investigations underscore significant experimental advantages of TRPM7 agonists. TRPM7 carries very small divalent cation-selective inward currents at physiological membrane potentials. Therefore, a commonly used approach to quantify TRPM7 channel activity relies on fairly large monovalent outward cation currents (usually Cs + ) measured at artificially high positive membrane potentials (+100 mV) upon depletion of intracellular Mg
2+
. These experimental results, however, can hardly be correlated with TRPM7-mediated influx of divalent cations at physiological membrane potentials in the presence of internal Mg 2+ and Mg-ATP. In contrast, naltriben allows for the recording of TRPM7 currents without chelation of intracellular Mg
. Furthermore, naltriben is well suited to monitor TRPM7 activity using Ca 2+ imaging techniques that are easily adaptable to screen for new TRPM7 modulators, and in experiments with freshly isolated/primary cells that are difficult to culture or problematic to assess by the patch-clamp technique. Finally, it will be interesting to study whether activation of TRPM7 currents would impact the function of the TRPM7 kinase.
Conclusions/Outlook
In the recent past, several research groups identified a set of small organic modulators of the TRPM7 channel. These research efforts resulted in new compounds allowing for the first time to probe TRPM7 currents in native tissues under physiological conditions. The identified molecules have the potential to serve as lead structures for the development of high-affinity in vivo drugs targeting TRPM7. Drugs specifically acting on the TRPM7 kinase are not available yet. In the future, an additional rewarding line of research will be the identification of specific drugs acting on the TRPM7 kinase moiety to decipher TRPM7 channel versus kinase function in cellular physiology and pathophysiology.
